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Observations of neutron stars by the LIGO-Virgo and NICER collaborations have provided us
reasonably precise measurements of their various macroscopic properties. In this letter, within a
fully Bayesian framework we combine them to put joint constraints on the properties of neutron
stars based on an empirical parameterization of nuclear matter. Within 90% credible level this
parameterization predicts R1.4 = 12.72
+0.51
−.65 km and Λ1.4 = 624
+180
−171 for the radius and dimensionless
tidal deformability, respectively, of a 1.4M neutron star. These values imply a somewhat stiffer
equation of state for neutron stars in comparison to those found in other studies that were based on
spectral or piecewise polytropic parameterization, which are agnostic to nuclear physics constraints.
This indicates a tension between nuclear physics inputs and astrophysical observations. Specifically,
we show that this empirically parameterized nuclear equation of state disfavors the softness found
in astrophysical observations at a statistically significant level. [This manuscript has been assigned
the preprint number LIGO-P2000221.]
PACS numbers:
Introduction. The properties and composition of nu-
clear matter near and above nuclear saturation den-
sity (ρ0) have been the subject of intense theoretical
and experimental investigations throughout the preced-
ing decades. Fascinatingly, important insights about
them can be deduced from observations of macroscopic
properties of neutron stars (NSs), such as their mass, ra-
dius, moment of inertia, and tidal deformability. After
all, it is likely that the NS interior hosts matter at den-
sities reaching supranuclear values.
Recent simultaneous mass and radius measurements
of PSR J0030+0451 by NICER collaboration [1, 2],
the mass measurements of the pulsars PSR J0348+0432
[3], PSR J0740+6620 [4] exceeding 2M, and the bi-
nary neutron star (BNS) merger events GW170817 [5],
GW190425 [6] reported by the LIGO/VIRGO collabora-
tion [7, 8] (LVC) have provided an extraordinary amount
of information about dense nuclear matter. These in-
dividual measurements can be combined to impose very
strict constraints on the equation of state (EoS) of such
matter [9, 10]. In the literature, one can find several
strategies to approximate EoSs, such as spectral param-
eterizations and the piecewise-polytrope approximation
[10–12]. These approaches do not directly include any
nuclear physics inputs. They also perform poorly when
attempting to reproduce sharp features in the pressure-
density relation, such as a first-order phase transition. A
different approach worth discussing is the non-parametric
inference of the EoS [13–15]. In this method, a large num-
ber of EoS functionals are generated whose ranges in the
pressure-density plane are guided by a certain number
of widely used candidate nuclear EoSs from the litera-
ture, without the explicit need for any type of param-
eterization. Furthermore, this generation process can
be adapted to reproduce features of the candidate EoSs,
therein incorporating information from nuclear physics.
Nevertheless, to probe even deeper into the nuclear mat-
ter properties, such as to study the neutron-proton asym-
metry, one needs to model the EoS in a way that directly
incorporates such information. This is precisely why we
use the parabolic expansion of the binding energy per
nucleon of nuclear matter about ρ0 and the coefficients
of the expansion. These so-called nuclear empirical pa-
rameters can be constrained systematically by combining
the prior knowledge from nuclear physics and astrophys-
ical observations [16]. Recently, some empirical parame-
ters like the slope parameter of symmetry energy and its
derivative have been studied in the light of combined con-
straints [17, 18]. In these studies, the complete posterior
distribution of the measurements were not used. Par-
ticularly, Ref. [18] has used several marginalized radius
distributions which, in principle, can add some biases to
inferred values of EoS parameters. On the other hand,
Ref. [17] utilized correlations amongst certain combina-
tions of nuclear parameters and the radius of a 1.4M
NS, or the tidal deformability, to deduce constraints for
a limited set of nuclear EoSs.
One of the critical aspects of the aforementioned stud-
ies that needs to be clearly addressed is an apparent ten-
sion between nuclear physics and astrophysical observa-
tions in regards to the values of a few key nuclear param-
eters. EoS models inspired by nuclear physics indicate a
preference for a stiff EoS, especially, in light of the 2M
maximum-mass criterion, while events like GW170817
appear to strongly favor a softer EoS. Nuclear-physics
agnostic EoS models can not reveal this tension since
their parameters can be tuned to satisfy both the tidal
deformablity and 2M constraints. In this context, we
show how combining multiple observations similar to
GW170817, as they become available, can confirm or mit-
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2igate this tension as well as measure certain EoS param-
eters more precisely.
We improve upon certain aspects of previous studies in
our work. Instead of using theoretically derived correla-
tions, which can have an inherent bias due to the choice
of the EoSs, we sample the posterior space of the EoS pa-
rameters directly using the data with the Markov Chain
Monte Carlo (MCMC) method. Moreover, we study a
certain minimum number of parameters representative
of nuclear EoS in the NS interior as opposed to fewer
quantities in earlier studies.
In this letter, we estimate, for the first time, the higher
order nuclear parameters with a fully Bayesian calcula-
tion including all the available knowledge. We also study
the correlations between these parameters, the NS ra-
dius, and the tidal deformability. We further explore how
future gravitational wave detections can be useful to con-
strain these parameters and address the tension between
nuclear physics priors and astrophysical observations.
Equation of state. The equation of state of nuclear
matter around the nuclear saturation density (ρ0) is
described in terms of the nuclear empirical parameters
[16, 19]. These are defined from the parabolic expansion
of the energy per nucleon ε(ρ, δ) of asymmetric nuclear
matter as:
e(ρ, δ) ≈ e0(ρ) + esymδ2, (1)
where e0(ρ) is the energy per nucleon in symmetric nu-
clear matter that contains equal numbers of neutrons and
protons, esym(ρ) is the nuclear symmetry energy, the en-
ergy cost for having asymmetry in the number of neu-
trons and protons in the system and δ = (ρn − ρp)/ρ is
the measure of this asymmetry. We paramatrize e0(ρ)
and esym(ρ) around the saturation density ρ0 as:
e0(ρ) = e0(ρ0) +
K0
2
χ2 +
J0
6
χ3 + ..., (2)
esym(ρ) = esym(ρ0) + Lχ+
Ksym
2
χ2 +
Jsym
6
χ3 + ...,(3)
where χ ≡ (ρ−ρ0)/3ρ0 quantifies deviation from satura-
tion density. In this work, we assume the NS interior to
be composed solely of nucleonic matter whose properties
can be extrapolated from the saturation characteristics
embodied in the nuclear empirical parameters introduced
above. A review of the experimental determination and
theoretical estimation of these parameters can be found
in Ref. [19].
In these expansions, we have three classes of parame-
ters, in general. Their information enters in our calcula-
tions as prior knowledge of these parameters motivated
by nuclear physics. The uncertainties in the lower order
parameters are quite small and they are fairly well deter-
mined [20, 21]. Hence, we keep the lowest-order empir-
ical parameters fixed, such as e0(ρ0) = −15.9 MeV and
ρ0 = 0.16 fm
−3. At the next order, the parameters in-
corporated are the curvature of symmetric matter (K0),
Parameter Prior
K0 (MeV) N (240, 30)
esym (MeV) N (31.7, 3.2)
J0 (MeV) uniform(-800,3000)
L (MeV) N (58.7, 28.1)
Ksym (MeV) uniform(-800,100)
Jsym (MeV) uniform(-1000,3000)
TABLE I: Prior ranges of various nuclear parameters.
the symmetry energy (esym) and slope (L) of that en-
ergy at ρ0. While their uncertainties are larger, plenty of
experimental data exist that constrain their ranges [22–
25]. Therefore, for the Bayesian inference, their priors
are taken to be Gaussian distributions with spreads set to
those ranges and means set to their medians. The higher-
order parameters are not well-constrained but they are
necessary for understanding the high-density behavior in-
side the NS. Therefore, we choose large ranges of uni-
formly probable values for the curvature of symmetry
energy (Ksym) and the skewness (J0, Jsym) as their pri-
ors [19, 26, 27]. These prior ranges are listed in Table I.
Additionally, we require the EoS to be causal through-
out the density range, which implies that the speed of
sound never exceeds the speed of light. Further, we de-
mand the EoS to have monotonic increase in pressure in
order for the star to be mechanically stable. Also, the
EoS must be stiff enough to produce massive stars satis-
fying the 2M criteria [63] arising from the radio pulsar
observation [3, 4].
Finally, as the choice of the crustal EOS does not sig-
nificantly influence the NS observables [28, 29], we use
the standard BPS crust [30] for the low density regime
and join it with the high density EOS in a consistent
fashion as described in Ref. [31] .
Bayesian parameter estimation. We apply the
Bayesian methodology developed in Refs. [32, 33] to the
neutron star data, summarized in the following. In GW
observations, the chirp mass Mc and the effective tidal
deformability Λ˜, which is a mass weighted combination
of two deformabilities for the given system carry the in-
formation about the EoS. Given the high-precision mea-
surement of the chirp mass in GW observations, we fix it
to the observed median value and use it to generate a set
of binary neutron star systems within the allowed range
of mass-ratios, which was also determined by observa-
tions. For the NICER observations, the mass-radius pos-
terior of the sources obtained by pulse-profile modelling
directly provide the information of the EoS. Therefore
the posterior of the EoS parameters can be written as,
P (θ|data) = C P (data|θ)× P (θ) , (4)
where θ = (K0, J0, esym, L,Ksym, Jsym), C is a normal-
3ization constant, P (θ) are priors on the parameters and
P (data|θ) = P (Λ˜GW |θ)× P (MNICER, RNICER|θ) (5)
is the likelihood for joint GW-NICER observations, given
our EoS parameterization. To compute this likelihood,
we first construct the EoS for a given set of parameters.
Using that EoS we construct a sequence of mass, radius
and tidal deformability, up to a maximum mass that is
the last stable point of the sequence. For the NICER
observation, we calculate the probability of each config-
uration of the sequence from the observed mass-radius
distribution and take the maximum of it:
P (MNICER, RNICER|θ) = Pmax(MNICER, RNICER|θ; ρc)
(6)
where ρc is the central density of the NS. By varying ρc
we generate the mass-radius sequence for a given set of
EoS parameters.
For GW observations, we need to calculate Λ˜ for a
given set of EoS parameters associated with that par-
ticular observation . Thereafter, we follow the similar
procedure as NICER and construct the likelihood
P (Λ˜GW|θ) = Pmax(Λ˜GW|θ; q) (7)
where q = m2/m1; m1 and m2 are masses of two neutron
star in a binary system. In order to populate the poste-
rior distribution of Eq. 4, we implement nested sampling
algorithm by employing the publicly available python-
based Pymultinest package [34].
Full posterior of Λ˜ for GW170817 and GW190425 are
publicly available at Refs. [64] and [65]. For NICER ob-
servations we use the 3-spot mass-radius samples [66] by
Miller et al [2].
Results from current observations. Using the
Bayesian methodology described above, the two GW de-
tections and the NICER observation are combined to ob-
tain constraints on our nuclear EoS parameterization. In
Fig. 1, marginalized posterior distribution of pressure in-
side neutron star is plotted as a function of energy den-
sity. To obtain this plot, 90% confidence interval (CI)
of pressure is computed at a fixed energy density and
those are plotted as a function of energy density. The
yellow, green and blue posteriors are obtained by adding
successive observations. The yellow band is the posterior
based on GW170817 data alone, while requiring a com-
mon EoS for both stars in that binary and a maximum
mass of at least 2M. Similar constraints were obtained
from GW170817 data by the LIGO-Virgo collaboration,
which used the spectral EoS representation developed by
Lindblom [12], as well as by the authors of Refs. [15, 35–
37].
In comparison to the posterior of spectral EoS parame-
terization we find our Nuclear EoS posterior is much more
stiff. The reason behind this is that the empirical EoS pa-
rameterization does not favor soft equation of state, and
for most of the parameter combinations it gives compar-
atively higher values of Λ˜. The green band is obtained by
adding the data of the second binary neutron star merger
GW190425 with that of GW170817 and it makes the EoS
posterior slightly more stiffer. In blue, the joint poste-
rior of NICER and the two GW observations is plotted;
it too favors a stiffer EoS parameterization. Addition of
NICER reduces the uncertainty in EoS and therefore of
various NS properties. For example, the uncertainty in
the measurement of R1.4 is ∼ 1.35 km by GW observa-
tions alone. This shrinks to ∼ 1.04 km when combined
with NICER.
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FIG. 1: Marginalized posterior distribution of pressure of
NS interior as a function of energy is shown. The various
shaded regions correspond to 90% CI obtained using succes-
sive observations (see legend). The solid black line corre-
sponds to 90% prior CI. Dashed vertical lines are constant-
density lines denoting once, twice and six times the nuclear
saturation density. Some standard EoS curves like APR [38],
SLy [39], WFF1 [40], MPA1 [41], H4 [42] and TW99 [43] are
also overlaid.
Interestingly, the LIGO-Virgo published EoS-
insensitive GW170817 posterior of Λ˜ has a bi-modality:
The primary mode peaks at Λ˜ ∼ 200 and the secondary
one peaks at Λ˜ ∼ 600. Our priors and model assump-
tions inspired by nuclear physics tend to prefer the
secondary mode, although it has lesser probability. This
results in a posterior that supports somewhat stiffer EoS.
However, in previous studies [15, 44] that were agnostic
to the nuclear physics constraints, the first mode was
found to be the preferred one. This clearly indicates a
tension between nuclear physics, as parameterized here,
and the gravitational-wave posteriors on the masses and
4Λ˜ of GW170817 as given in Ref. [67].
Interestingly, our model would also prefer the primary
peak if we relax our nuclear physics based prior assump-
tion. In our study we kept the lower order parameters
fixed as they are very well constrained by terrestrial ex-
periments. If we choose a wide flat prior for all the pa-
rameters (including lowest order parameters; see Table
I of supplemental material), we find that the empiri-
cal parameterization prefers the softer peak (see Table
II and Figs. 6-9 of supplemental material). When us-
ing GW170817 data alone, we find a substantial prefer-
ence [45] for the nuclear-physics agnostic prior compared
to the nuclear-physics informed prior, with Bayes fac-
tor = 5.30 ± 0.01. References [13, 14] found a similar
tendency in their analysis, albeit with non-parametric
inferences of EoS. They also robustly quantified the pref-
erence for model-agnostic EoS priors, finding the Bayes
factor (<∼ 2) to slightly favor the agnostic priors over
the model-informed ones. The fact that the nuclear-
physics informed prior dominates over the likelihood for
this event is apparent in Refs. [35, 46–48] as well.
In spite of this tension, certain combinations of param-
eters of the empirical EoS model do sample the primary
peak, but the number of such combinations within 90%
CI is negligible. Nevertheless, these parameter sets will
become important if we observe a few more GW170817-
like events, in future. We will discuss this in detail below.
In Table II we report the median and 90% CI of all EoS
parameters, pressure at twice and six times nuclear satu-
ration density, radius and Λ of 1.4M NS and maximum
mass Mmax by adding successive observations. Amongst
the nuclear parameters only L and Ksym are well con-
strained as they mainly control the radius or tidal de-
formability of NS. Constraint using GW170817 on Λ1.4
is 613+209−257. This median value of Λ1.4 supports the above
explanation about the sampling around secondary peak
of Λ˜.
Projected constraints from future observations.
Upcoming GW observations are expected to detect many
BNS mergers [6, 49]. Combining those observations, we
will be able to constrain EoS with even better precision.
In this letter, we project how EoS estimation can be
improved with several GW170817 like observations. In
Fig. 2, we show how the median and 90% CI evolves
as a function of observations where each observation is
assumed to be exactly the same as GW170817. It is no-
ticeable that after ∼ 5 observations, the medians of R1.4
and Λ1.4 shift from higher values to lower values. The
underlying reason is as follows: As one adds more ob-
servations the contribution from the primary peak of the
Λ˜ distribution becomes more dominant compared to the
secondary peak. After 10 observations the uncertainty in
the measurement of Λ1.4 will become 207
+35
−33 at 90% CI.
This clearly suggests that mostly the primary peak of Λ˜
will contribute to the EoS constraints.
Quantity 170817 +190425 +NICER
K0 (MeV) 240
+37
−48 240
+37
−48 239
+37
−48
esym (MeV) 31.8
+4.0
−5.2 31.9
+3.9
−5.3 31.8
+4.1
−5.2
J0 (MeV) 782
+1518
−1000 861
+1515
−1043 834
+1533
−1002
L (MeV) 56.5+34.8−38.0 56.3
+34.8
−37.9 58.2
+33.9
−37.2
Ksym (MeV) −299+222−311 −292+224−304 −294+217−285
Jsym (MeV) 1360
+1299
−1911 1341
+1334
−1924 1255
+1393
−1851
P (2ρnuc)[10
34dyn/cm2] 4.7+2.8−2.3 5.0
+2.8
−2.0 4.9
+2.6
−1.6
P (6ρnuc)[10
35dyn/cm2] 5.9+2.1−2.3 5.9
+2.1
−2.3 6.1
+1.6
−2.4
R1.4[km] 12.66
+0.60
−1.07 12.73
+0.54
−0.87 12.72
+0.51
−.65
Λ1.4 613
+209
−257 631
+191
−212 624
+180
−171
Mmax(M) 2.22+.44−.20 2.22
+.41
−.20 2.21
+.42
−.20
TABLE II: Median and 90% CI of nuclear parameters, Pres-
sure at twice and six times energy density, R1.4, Λ1.4 and
maximum mass Mmax are quoted here.
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FIG. 2: Evolution of median and 90%CI for R1.4 and Λ1.4 is
shown as an increasing number of simulated BNS merger ob-
servations, where each source is assumed to be exactly similar
to GW170817.
In Fig. 3, marginalized posterior distributions of high
density EoS parameters J0, Ksym and Jsym are plotted
stacking ten GW170817 like sources. Other three param-
eters K0, esym and L are marginalized in this plot and
not shown here. For those three parameters, Gaussian
priors are assumed, with spreads as given in Table I; the
posterior we obtain is also Gaussian. However, the medi-
ans of those Gaussian posteriors shift towards the softer
region of the EoS as one stacks an increasing number
of GW170817 like signals. Nevertheless, those changes
are within 1σ CI; this is why for brevity we do not show
those posteriors in this letter. (For a full set of posteriors,
see Fig. 5 of Supplemental Material.) In Fig. 3 we ob-
serve strong correlation amongst the nuclear parameters.
It is obvious to have a strong anti-correlation between
Jsym and Ksym because they appear in the expression of
5nuclear symmetry energy as nearest neighbours and can
compensate each other to maintain consistency with the
same observational data set. On the other hand, an anti-
correlation between J0 and Jsym arises due to the need
for maintaining the stiffness of EoS, so that it can satisfy
the 2M maximum-mass constraint, but without violat-
ing the causality condition. Moreover, anti-correlations
between Ksym and Jsym and between J0 and Jsym suggest
a correlation between J0 and Ksym. All these findings are
consistent with Ref. [31]. However, in Ref. [50] a strong
anti-correlation between J0 and Ksym was observed. This
was due to the fact that they set Jsym = 0 in their analy-
sis and therefore a strong correlation was needed between
J0 and Ksym in order to satisfy the maximum-mass con-
straint.
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FIG. 3: Posterior distribution of nuclear parameters using 10
GW170817 like sources. These parameters are marginalized
over K0, esym and L. In marginalized one dimensional plot
median and 1σ CI is shown.
Figure 3 clearly demonstrates that all three high den-
sity EoS parameters will be well constrained if a few
more 170817 like systems are observed, in future. In
Fig. 4 we show how the estimation of these parameters
evolves with number of GW170817-like events. It is no-
ticed that high density parameters, especially, J0 and
Jsym, are poorly constrained when we use the data of
GW170817 alone. (This can be seen in Table II as well.)
The same figure shows, however, that the situation dra-
matically improves when we stack a few more such events.
In fact, J0 and Jsym become very well constrained just
after five GW170817-like observations. The reason be-
hind this is two-fold: (a) As we stack more observations
(in the absence of any systematic excursions) the mea-
surement precision improves. Statistically if there are N
observations, the error standard-deviation in the mea-
surement of these EoS parameters decreases as ∼ 1/√N .
2. However, Fig. 4 tells us that the error decreases very
rapidly between 1 to 5 observations. This is again due
to the tension between the empirical nuclear model and
astrophysical observations. When more such events are
stacked, the gravitational-wave data weighs much more
than the nuclear-physics motivated priors.
References [51, 52] have found strong correlation be-
tween Ksym and Λ˜. We too observe them, but also the
aforementioned property that theKsym-Jsym and J0-Jsym
pairs are anti-correlated – to satisfy the 2M mass cri-
terion. Therefore, even though the GW data by itself
can meaningfully only constrain Ksym, nonetheless ow-
ing to these additional correlations, which arise from the
2M requirement, it also helps in constraining the other
higher-order parameters. After ∼ 5 GW170817 like ob-
servations, only a small parameter set will sample the
primary peak of Λ˜. It is very challenging for nuclear
physics to produce that softness in EoS maintaining 2M
constraint. As a consequence, the error in Ksym also
gets smaller; the same goes for J0 and Jsym. To sup-
port this assertion, we considered a Gaussian likelihood
of Λ˜, where µ = 600 and σ = 30, to mimic the second
peak of GW170817’s Λ˜ posterior alone. In this case we
find (see Fig. 16 of Supplemental Material), higher or-
der parameters of our EoS parameterization are not as
well constrained as in Fig. 3, even though the likelihood
distribution is quite narrow.
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FIG. 4: Evolution of median and 90%CI for EoS parameters is
shown as an increasing number of simulated BNS merger ob-
servations, where each source is assumed to be exactly similar
to GW170817.
At this point it is worth discussing an analysis that
uses a similar EoS parameterization, albeit with nar-
rower prior ranges compared to us. This was pursued
in Xie et al. [31] in light of GW170817. However in
that study, they did not use real GW170817 data pro-
vided by LIGO-Virgo; rather, they chose to work with
the canonical value of the radius of a 1.4M NS as ob-
tained from various studies [44, 53, 54] and two other sim-
6ulated events. Also they considered a Gaussian error for
each of the R1.4 taken from those individual studies. For
the asymmetric lower and upper error bar, they took an
average error bar. Using these types of mock data, their
constraints on various nuclear parameters, especially J0
and Jsym, turn out to be similar to our projected con-
straints shown in Fig. 3 . The reason behind this is the
choice of Gaussian distributed error bar of canonical ra-
dius, which basically wipes out the bi-modality that is
present in real Λ˜ posterior of GW170817. Median values
of those canonical radius values favor the primary peak
of Λ˜ posterior; which is why their constraint matches our
projected constraints. Also they combined canonical ra-
dius data from different studies, which is equivalent to
combining multiple observations. That could be one of
the reasons for getting narrow posterior of EoS parame-
ters in their study.
For NS radius, we report in Table II that a single
GW170817 yields an observational uncertainty of δR1.4 ∼
1.67km. For ten sources with the same SNR and poste-
riors as GW170817 (even if more distant but in more
sensitive future detectors) a joint posterior can narrow
this down to ∼ 0.54 km, which is ∼ 67% improvement
compared to a single GW170817. In the literature, other
studies [15, 55–57] exist where multiple mock observa-
tions are combined to predict how much improvement
in measurements will be possible in future. Compared
to them an empirical parameterization indicates a better
improvement. This is mainly because GW170817 reveals
a particularly soft NS EoS.
Conclusion. We used a nuclear physics based NS EoS
parameterization in a fully Bayesian framework to de-
duce well-sampled posteriors of higher order parameters
as well as their covariances – both of which reveal fas-
cinating clues about the NS EoS. A few past studies
that used the same parameterization have shortcomings
as pointed out here. Our findings bring to focus pos-
sible tension between nuclear physics supported values
(within the limitations of our model) of the EoS parame-
ters vs those supported by astrophysical observations, es-
pecially, the gravitational-wave data of GW170817. We
show that astrophysical observations alone are unable to
dominate the nuclear-physics based priors of EoS param-
eters, which arose from a combination of nuclear the-
ory as well as terrestrial experiments. Specifically, those
priors are less consistent with somewhat smaller values
of the neutron star tidal deformability, where the pri-
mary peak of GW170817 occurs, but more consistent
(along with less precise measurements of GW190425 and
NICER) with stiffer values, where the secondary peak
occurs. We also show for the first time that it will take
a handful of GW170817 type observations to confirm if
the NS EoS is indeed as soft as GW170817 suggests. If
that happens, it may well force certain revisions of our
understanding of neutron stars or nuclear physics at high
densities.
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Supplemental Material
A note about Bayesian methodology. In our
Bayesian analysis of GW170817 data we maximize the
likelihood computed on gravitational wave strain data
over a set of source parameters, such as the binary mass
ratio or the central density of neutron stars (NSs), rather
than marginalize over them (for example, see [15, 55, 57,
58]). Here we discuss differences, or “bias”, in some re-
sults that can potentially arise due to this marginaliza-
tion, which has also been addressed in Refs. [59, 60]. For
example, if the equation of state (EoS) contains a phase
transition then it allows multiple branches in the M-R
curve. In those cases, for the horizontal branch in M-
R curve if one integrates over the masses, the likelihood
function will turn out to be identically zero. Therefore,
integrating over masses will indeed bias the EoS esti-
mation in that case. The next question is why should
one choose mass for marginalization? Indeed, why not
marginalize over the NS radius? Or both mass and ra-
dius? Suppose the EoS allows a horizontal M-R curve,
then integration over radius will be more viable than over
mass. Thus, there exists an ambiguity in this regard in
the standard procedure. This arises due to the fact we
are trying to match a one-dimensional model curve to a
two-dimensional data set of mass-radius or mass-Λ. One
possible resolution is to integrate over central pressure;
but priors on central pressure depend on EoS parameteri-
8zation and also the prior probabilities of EoS parameters.
Since the posterior obtained from astrophysical data still
strongly depends on the prior, therefore central density
is now not a good parameter to be marginalized over.
Therefore, for unambiguous determination of EoS one
will have to wait for future observations so that data are
less dependent on the choice of priors. To avoid intro-
ducing such biases we chose to maximize over mass ratio
or central densities of NS rather than integrating over it;
for a detailed discussion see Refs. [33, 61].
Additional figures. The purpose of this section is to
present some more results that are related to the main
text. Here, in Fig. 5, posterior distributions of empiri-
cal nuclear parameters are plotted using GW170817 data
alone. In the marginalized one-dimensional plot, the me-
dian and 1σ confidence interval (CI) are shown. Figures 6
and 7 are similar to Fig. 5, but cumulatively include data
from GW190425 and PSR J0030+0451. In the left panel
of Fig. 8, the marginalized posterior of mass as a function
of radius is shown; in the right panel, the marginalized
posterior of Λ as a function of mass is shown, for various
combinations of GW190425 and PSRJ0030+0451 obser-
vations with GW170817 data.
We also performed an analysis similar to Carson et
al. [52] to find how Ksym correlates with Λ˜ for a larger
set of equation of state (EoS) parameters. For this pur-
pose we randomly generate 1000 EoSs based on empir-
ical parameterization. Amongst those 1000 EoSs, only
439 fulfil monotonicity, causality and the 2M crite-
rion. For these EoSs, we calculate Λ˜ for fixed chirp mass
Mch = 1.188M and mass ratio q = 0.87, which are
consistent with GW170817 parameter measurements. In
Fig. 9 the joint distribution of Ksym and Λ˜0.87 is plotted
and shows them to be strongly correlated. Therefore, it is
expected that GW observations will be able to constrain
Ksym tightly.
In the accompanying letter, we showed that the em-
pirical parameterization based on nuclear physics pri-
ors are in tension with astrophysical observations. This
motivates us to check whether relaxing the assumptions
made regarding the nuclear physics-based priors can mit-
igate the aforementioned tension or not. For this rea-
son we also pursue the use of a wide, flat prior for all
the parameters, including the lowest order parameters.
In our original calculation those parameters were cho-
sen to be fixed since they are well constrained by terres-
trial experiments. These nuclear-physics agnostic prior
ranges are listed in Table III here. In Fig. 10, the pos-
terior distribution of empirical nuclear parameters are
plotted based on nuclear-physics agnostic priors, using
GW170817 data alone. Figures 11 and 12 are the same
as Fig. 10 with the successive additions of GW190425
and PSRJ0030+0451. In Fig. 13, the marginalized pos-
terior of pressure as a function of energy density (top left
panel), the marginalized posterior of mass as a function
of radius (top right panel) and the marginalized posterior
of Λ as a function of mass (bottom panel) are shown, cu-
mulatively adding GW190425 and PSRJ0030+0451 data
to GW170817 data. In Fig. 14 the posterior distribu-
tion of Λ1.4 is plotted both for nuclear-physics agnostic
and informed cases. Based on this analysis, in Table IV
we report the median and 90% (CI) of pressure at twice
and six times nuclear saturation density, radius and Λ of
1.4M NS by adding successive observations.
Figure 15 is same as Fig. 2 in the accompanying letter
but also including marginalized posterior of K0, esym,
L. In Fig. 16, the posterior distributions of the nuclear
parameters are shown using a Gaussian likelihood of Λ˜,
where µ = 600 and σ = 30.
Parameter Prior
ρ0 (MeV) uniform(.05,.4)
e0(ρ0) (MeV) uniform(-20,-10)
K0 (MeV) uniform(200,300)
esym (MeV) uniform(20.0,40.0)
J0 (MeV) uniform(-800,3000)
L (MeV) uniform(10.0,100.0)
Ksym (MeV) uniform(-800,800)
Jsym (MeV) uniform(-1000,3000)
TABLE III: Nuclear physics agnostic prior ranges of various
nuclear parameters.
9Quantity GW170817 Combined GW GW-NICER
P (2ρnuc)[10
34dyn/cm2] 2.02+3.05−1.23 2.78
+3.04
−1.83 3.90
+2.40
−2.01
P (6ρnuc)[10
35dyn/cm2] 5.81+1.21−1.03 5.79
+1.36
−1.30 5.66
+1.61
−1.53
R1.4[km] 11.12
+1.62
−1.04 11.62
+1.34
−1.36 12.28
+0.79
−1.23
Λ1.4 280
+366
−128 373
+341
−199 515
+241
−254
TABLE IV: The median and 90% CI of the pressure at twice and six times the nulcear saturation density, R1.4, and Λ1.4 found
by using the nuclear-physics agnostic priors shown in Table III.
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FIG. 5: Posterior distributions of nuclear parameters shown using GW170817 data. In the marginalized one-dimensional plots,
the median and 1σ CI are shown.
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FIG. 6: Posterior distributions of nuclear parameters using combined GW170817 and GW190425 data. In marginalized one-
dimensional plots median and 1σ CI are shown.
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FIG. 9: Joint distribution of Ksym and Λ˜ is shown. Strong correlation indicates GW data will be able to put a tight constraint
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FIG. 10: In this plot, for GW170817 data alone, wide, flat priors are assumed for all the parameters (see Table III). In
marginalized one-dimensional plots median and 1σ CI are shown.
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FIG. 11: Same as Fig. 10 but after combining GW190425 and GW170817 data.
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FIG. 12: Same as Fig. 11 but by combining NICER data with both GW observations.
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FIG. 13: These plots are, respectively, the same as Fig. 1 of the letter and Fig. 8 of this Supplemental Material but obtained
by employing nuclear-physics agnostic priors.
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FIG. 14: Posterior distributions of Λ1.4 for the nuclear-physics agnostic and informed models using GW170817 data.
18
K0 [MeV] = 221.63+27.8427.10
25
30
35
40
e s
ym
 [M
eV
]
esym [MeV] = 32.16+3.273.14
40
0
0
40
0
80
0
J 0
 [M
eV
]
J0 [MeV] = 208.14+63.9269.07
0
40
80
12
0
L 
[M
eV
]
L [MeV] = 51.10+28.0722.64
60
0
40
0
20
0
K s
ym
 [M
eV
]
Ksym [MeV] = 408.08+123.23147.77
15
0
20
0
25
0
30
0
K0 [MeV]
80
0
0
80
0
16
00
24
00
J sy
m
 [M
eV
]
25 30 35 40
esym [MeV]
40
0 0
40
0
80
0
J0 [MeV]
0 40 80 12
0
L [MeV]
60
0
40
0
20
0
Ksym [MeV]
80
0 0
80
0
16
00
24
00
Jsym [MeV]
Jsym [MeV] = 1004.08+483.14375.51
FIG. 15: Posterior distribution of nuclear parameters is shown using 10 GW170817 like sources. In marginalized one dimensional
plot median and 1σ CI is shown.
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FIG. 16: Posterior distribution of nuclear parameters using a Gaussian likelihood of Λ˜, where µ = 600 and σ = 30. This µ
value is consistent with the second peak of GW170817. In marginalized one dimensional plot median and 1σ CI is shown.
